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Abstract: White matter atrophy has been shown to precede the massive loss of striatal GABAergic
neurons in Huntington’s disease (HD). This study investigated the effects of in vivo expression of
reprogramming factor octamer-binding transcription factor 4 (OCT4) on neural stem cell (NSC) niche
activation in the subventricular zone (SVZ) and induction of cell fate specific to the microenviron-
ment of HD. R6/2 mice randomly received adeno-associated virus 9 (AAV9)-OCT4, AAV9-Null, or
phosphate-buffered saline into both lateral ventricles at 4 weeks of age. The AAV9-OCT4 group
displayed significantly improved behavioral performance compared to the control groups. Following
AAV9-OCT4 treatment, the number of newly generated NSCs and oligodendrocyte progenitor cells
(OPCs) significantly increased in the SVZ, and the expression of OPC-related genes and glial cell-
derived neurotrophic factor (GDNF) significantly increased. Further, amelioration of myelination
deficits in the corpus callosum was observed through electron microscopy and magnetic resonance
imaging, and striatal DARPP32+ GABAergic neurons significantly increased in the AAV9-OCT4
group. These results suggest that in situ expression of the reprogramming factor OCT4 in the SVZ
induces OPC proliferation, thereby attenuating myelination deficits. Particularly, GDNF released by
OPCs seems to induce striatal neuroprotection in HD, which explains the behavioral improvement in
R6/2 mice overexpressing OCT4.
Keywords: Huntington’s disease; reprogramming; octamer-binding transcription factor 4; oligoden-
drocyte progenitor cells
1. Introduction
Huntington’s disease (HD) pathology caused by an expansion of the cytosine-adenine-
guanine (CAG) repeats within the HTT gene is characterized by massive loss of neurons in
striatum and deep layers of the cortex as well as early and progressive thinning of white
matter (WM) [1]. WM changes can be observed in the striatum nearby the corpus callosum
(CC), and in the posterior WM tracts at a pre-symptomatic (pre-HD) stage [1–6].
Although the mechanism underlying abnormalities of WM was unclear, neuroimaging
data supported the hypothesis that myelin breakdown leads to WM atrophy in human and
mouse models of HD [7,8]. Interestingly, an increase in the density of oligodendrocytes
in the striatum of pre-HD patients was demonstrated before striatal degeneration as a
compensatory neuroprotective response [9–11].
Genes 2021, 12, 712. https://doi.org/10.3390/genes12050712 https://www.mdpi.com/journal/genes
Genes 2021, 12, 712 2 of 19
Previous studies have shown that the manifestation of clinical symptoms such as motor
defects in HD is closely associated with early changes in WM with demyelination [5,12–14],
suggesting that targeting oligodendrocyte could be therapeutic in HD. A recent study
reported that reduction of the mHTT in oligodendrocytes prevented behavioral deficits and
demyelination in HD mice [15]. However, chronic demyelination in HD at late-symptomatic
(late-HD) stage can be occurred by the malfunction of oligodendrocytes and myelinating
repair system [16].
Under demyelinating conditions including pre-HD stage, it can induce proliferation
of neural stem cells (NSCs) and neural progenitors [17], give rise to oligodendrocyte
progenitor cells (OPCs) [18], and then differentiate into oligodendrocytes [11]. An increase
in the number of OPCs derived from NPCs under demyelination contributed the generation
of oligodendrocyte. However, these cells do not necessarily contribute to chronic diseases
with extensive myelin loss [19–22].
In vivo reprogramming toward a plastic state has emerged as a new approach for treat-
ing neurological diseases [23,24]. Representative reprogramming factors, octamer-binding
protein 4 (OCT4), sex determining region Y-box 2 (SOX2), Krüppel-like factor 4 (KLF4) and
MYC, can manipulate cell fate [25]. Among these factors, these factors can be replaced with
others, and OCT4 remained essential [26,27]. Previous studies revealed that the ectopic
expression of OCT4, a key reprograming factor, is sufficient to directly reprogram NSCs into
a pluripotent and plastic state [28,29] and allowed differentiation into neurodegenerative
disease-specific environment. In addition, OCT4-induced reprogramming increases NSC
proliferation in the (SVZ) of adult brain. The stimulation of endogenous NSCs is a useful
tool for a therapeutic approach in neurodegenerative disorders including HD [30–32] and
demyelinated condition such as spinal cord injury [33]. Moreover, previous studies suggest
that the expression of OCT4 is absent in adult mice [34,35].
Therefore, our hypothesis is that the OCT4 overexpression in pre-HD condition at
4 weeks of age can induce NSC niche activation in the SVZ and induction of cell fate specific
to the changed microenvironment of HD. Finally, we found that the in situ expression of
OCT4 in the SVZ induces OPC proliferation, thereby attenuating myelination deficits.
Additionally, myelin regulatory factor (MYRF) and glial cell-derived neuroprotective factor
(GDNF) released by OPCs induced striatal neuroprotection in HD, which can explain the
behavioral improvement in R6/2 mice overexpressing OCT4.
2. Materials and Methods
2.1. Mice
R6/2 strain, a transgenic mouse model of HD carrying approximately 160 ± 5 CAG
repeats, was obtained from the Jackson Laboratory (B6CBA-Tg (HDexon1) 62Gpb/1J,
Stock No: 002810). These transgenic mice mimic human HD with many neurological
phenotypes, including choreiform-like movements, involuntary stereotypic movements,
tremor, epileptic seizures, and non-movement disorder components including unusual
vocalization. The symptoms of R6/2 mice become apparent between 6 and 8 weeks of age
and typically die nearby 13 weeks of age [36–38]. To prevent dehydration and malnutrition
at the terminal stage of animals, we daily provided water-soaked food pellets. All animals
were housed in a facility accredited by the Association for Assessment and Accreditation
of Laboratory Animal Care (AAALAC). Experimental procedures were approved by the
Institutional Animal Care and Use Committee (IACUC 2016-0298, 2020-0007). The mice
were kept in a temperature-controlled room on a 12-h light/dark cycle and food and water
ad libitum.
A schematic timeline of this experiment during the nine weeks is provided in Figure 1A.
For behavioral assessments until 13 weeks, thirty-one male and female R6/2 mice
(phosphate-buffered saline (PBS) (N = 10), Adeno-associated virus 9 (AAV9-Null) (N = 13),
AAV9-OCT4 (N = 8)) were used. In addition, for immunostaining until 6 and 13 weeks,
nine male and female mice were used (N = 3 per group). Among the subjects, mice
were also recruited for qPCR at 13 weeks of age (PBS (N = 4), AAV9-Null (N = 4), AAV9-
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OCT4 (N = 3)). The mice were randomly assigned to either PBS, AAV9-Null, AAV9-OCT4
(N = 3 per group) to confirm demyelination via MRI and TEM (Figure 1B).
2.2. AAV9 Viral Vector Stereotaxic Injection
At 4 weeks of age, mice were anesthetized with intraperitoneal (IP) injection of
ketamine (100 mg/kg; Huons, Gyeonggi-do, Korea) and xylazine (10 mg/kg; Bayer Korea,
Seoul, Korea). A stereotaxic procedure was performed at 4 weeks of age in which the
mice received both lateral ventricle (LV) injections (1 × 1012 vg/mL, 1 µL each) using
the following stereotaxic coordinates: AP +0.3 mm from bregma, ML +0.7/−0.7 mm
from bregma, and DV −2.0 mm from dura mater (Figure 1C). AAV9 vector (ViroVek,
Hayward, CA, USA) containing human OCT4-HA tag was expressed using the CMV
promotor (Figure S1A). Mice were randomly assigned to one of the following groups: PBS,
AAV9-Null, or AAV9-OCT4 treatment.
Figure 1. Experimental scheme for in vivo expression of OCT4 in HD mice. (A) The schedule of OCT4
treatment and behavioral tests (rotarod and grip strength tests) in the timeline are presented. (B) A
total of thirty-one R6/2 mice were randomly assigned to PBS (N= 10), AAV9-Null (N = 13) and AAV9-
OCT4 (N = 8) for behavioral assessment to investigate behavioral outcomes. Among the subjects,
nine mice were recruited for the IHC, MRI and TEM imaging at 13 weeks of age (N = 3 per group). A
total of eleven mice were also recruited to evaluate OPC related genes using a qRT-PCR (PBS (N = 4),
AAV9-Null (N = 4), AAV9-OCT4 (N = 3). (C) Both side lateral ventricle injection using stereotaxic
surgery performed at 4 weeks of age.
2.3. Rotarod Test
A rotarod test (No.47600, Ugo Basile, Comerio, Italy) was used to assess motor coordi-
nation and locomotor function at 4, 6, 8, 10, and 13 weeks of age. The rolling rod was set to
an accelerating speed (4–40 rpm) and a constant speed (12 and 16 rpm), and the latency fall
time was measured [39]. An individual test was terminated at a maximum latency of 300 s
if the mouse did not fall.
In order to prevent motor learning of the mice, we conducted two minutes of adapta-
tion time at 4 rpm and took additional trials for adaptation before recorded. We also took
resting time more than half hour whenever the speed of the rotarod test changes.
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2.4. Grip Strength Test
A grip strength test was performed using the SDI Grip Strength System (San Diego
Instruments, Inc., San Diego, CA, USA), which includes a push-pull strain gauge at 4, 8 and
12 weeks of age. A 2-mm diameter triangular piece of metal wire was used as the grip bar.
Each animal was held near the base of its tail by a researcher and allowed to approach
the bar until it was able to grip it with its forepaw. Peak grip force was automatically
recorded in kilogram-force (kgf) by the apparatus. The average of peak forces from the
three trials was used for the final analysis [39]. Grip force data from the grip strength test
were normalized with respect to body weight [40].
2.5. Immunohistochemistry (IHC)
Mice were daily given an IP injection of 5-bromo-2′-deoxyuridine (BrdU; 50 mg/kg,
Sigma-Aldrich, St. Louis, MO, USA) for 12 days, beginning after stereotaxic surgery [14].
R6/2 mice euthanasia performed at 6 weeks (early-HD stage) and 13 weeks of age (late-HD
stage) by transcardial perfusion with cold 1X PBS, followed by 4% paraformaldehyde (PFA).
Harvested brain tissues were cryosectioned 16-µm thick slices, and immunohistochemical
staining was performed on four sections, representing a range of more than 128 µm. The
tissue sections were stained with the following antibodies: cell proliferation marker; BrdU
(1:200, abcam, ab6326) and Ki67 (1:400, Leica Biosystems, NCL-Ki67p); OCT4 tagging
marker HA (1:400, CSF, 3724S); OCT4 (1:100, santacruz, sc-5279); neuron-specific class
III β-tubulin (βIII-tubulin, 1:400, abcam, ab18207) and mature neuronal marker NeuN
(1:400, Millipore, MAB377); glial fibrillary acidic protein (GFAP, 1:400, abcam, ab10062) and
s100β (1:400, Sigma, S2532); Nestin (1:400, abcam, ab6142); neural/glial antigen 2 (NG2,
1:200, Millipore, ab5320) and dopamine- and cAMP-regulated neuronal phosphoprotein
(DARPP-32, 1:400, cell signaling technology, 2306). The stained sections were observed by
confocal microscopy (LSM700, Zeiss, Gottingen, Germany) and analyzed using ZEN black
and blue edition (Zeiss, Gottingen, Germany).
2.6. Real-Time Quantitative Reverse Transcription PCR (qRT-PCR)
At 13 weeks of age, R6/2 mice euthanasia performed for biochemical study and
cardiac perfused with cold 1X PBS. Total RNA was extracted from the cortex and the
striatum using TRIzol (Invitrogen Life Technologies, Carlsbad, CA, USA). Purified to-
tal RNA (1 µg) was used as a template to generate the cDNA using the ReverTra Ace
qPCR RT master mix with gDNA remover (TOYOBO). The standard protocol for the
qRT-PCR with SYBR Green was provided from roche applied science. A total volume
of 20 µL master mix with 1 µL of cDNA was used in the qRT-PCR reaction, which was
performed in triplicate on a LightCycler 480 using the LightCycler 480 SYBR Green master
mix (Roche Applied Science, Mannheim, Germany). The mRNA abundance of target
genes was assayed by qRT-PCR. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
was used as an internal control. Primers used for qRT-PCR were as follow: platelet-
derived growth factor receptor α (PDGFRα), 5′-GGAGACTCAAGTAACCTTGCAC-3′ and
5′-TCAGTTCTGACGTTGCT TTCAA-3′, oligodendrocyte transcription factor 2 (Olig2),
5′-TCCCCAGAACCC GATGATCTT-3′ and 5′-CGTGGACGAGGACACAGTC-3′, NG2, 5′-
GGCTTGTGCTG TTCTCACA-3′ and 5′-CACAGACTCTGGACAGACGG-3′, Wnt family
member 3 (WNT3), 5′-TAAAGTGTAAATGCCACGGGTT-3′ and 5′-CGGAGGCACTGTCG
TACTTG-3′, MYRF, 5′-TCTGGGCCTCCCATCAAAG-3′ and 5′-CGGGGTTATGGTGCGTA
GAAG-3′, GDNF, 5′-GCCGGACGGGACTCTAAGAT-3′ and 5′- CGTCATCAAACT GGTC
AGGATAA-3′, GFAP, 5′-CGGAGACGCATCACCTCTG-3′ and 5′-AGGGAGTGGAGGAGT
CATTCG-3′, βIII-tubulin, 5′-CGCACGACATCTAGGACTGA-3′ and 5′-TGAGGCCTC
CTCTCACAAGT-3′, NeuN, 5′-CCACCACTCTCTTGTCCGTT-3′ and 5′-ATCAGCAG CGG
CATAGACTC-3′, GAD67, 5′-CTCAGGCTGTATGTCAGATGTTC-3′ and 5′-AAG CGAGTC
ACAGAGATTGGTC-3′, DARPP32, 5′-AGATTCAGTTCTCTGTGCCCG-3′ and 5′-TGGGTC
TCTTCGACTTTGGG-3′ and GAPDH was used as the internal control [3,9]. Primers of
GAPDH were 5′-GTCGGTGTGAACGGATTTG-3′ and 5′-GAACATGTAGACCATGTAGTT
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G-3′. The expression of each gene of interest was obtained using the 2−∆∆Ct method.
All results were expressed as means ± standard error of the mean from at least three
independent experiments.
2.7. Transmission Electron Microscopy (TEM)
For TEM study, mice were perfused and fixed for 12 h in 0.1M phosphate buffer (PB)
followed by 4% PFA containing 2% glutaraldehyde (MERCK, ZC814139734) at 13 weeks
of age. They were postfixed with 1% osmium tetroxide dissolved in 0.1 M PB for 2 h and
dehydrated inascending gradual series (50–100%) of ethanol and infiltrated with propylene
oxide. Specimens were embedded by Poly/Bed 812 kit (Polysciences). After pure fresh
resin embedding and polymerization at 65 ◦C electron microscope oven (TD-700, DOSAKA,
Japan) for 24 h. Sections of about 200~250 nm thick section were initially cut and stained
with toluidine blue (sigma, T3260) for light microscope. Ultra-thin slices (70 nm) were
double stained with 6% uranyl acetate (EMS, 22,400 for 20 min) and lead citrate (fisher,
for 10 min) for contrast staining. There sections were cut by LEICA EM UC-7 (Leica
Microsystems, Austria) with a diamond knife (Diatome) and transferred on copper and
nickel grids. All of the thin sections were observed by transmission electron microscopy
(JEM-1011, JEOL, Tokyo, Japan) at the acceleration voltage of 80 kV. For analysis of TEM
images, we used gRatio version 3 program in MATALAB the watershed and connectivity
theorems to calculate the average g-ratio and the diameter distribution.
2.8. Magnetic Resonance Imaging (MRI)
At 13 weeks of age, R6/2 mice were anaesthetised with 1–2% isoflurane. MRI ex-
periments were performed with a 9.4 T Bruker Biospec scanner (Ettlingen, Germany)
running Paravision 5.1, using a 40 mm transreceive coil. Following the acquisition of the
anatomical images using the rapid acquisition with the relaxation enhancement (RARE)
protocol, diffusion experiments were conducted using the diffusion tensor imaging (DTI)
echo planar imaging (DTI-EPI) protocol. The imaging parameters were: slice thickness
0.32 mm, 20 slices, matrix size of 128 × 128 with 0.156 mm × 0.156 mm resolution,
δ/∆ = 4/10 ms, 30 directions with b = 670 s/mm2 and TE/TR = 23.5/5000 ms. Diffu-
sion images were processed using DSI studio software (http://dsi-studio.labsolver.org,
accessed on 4–18 September 2018). The processed data were further analyzed with MAT-
LAB (MathWorks, Natick MA) to obtain fractional anisotropy (FA), radial diffusivity (RD)
and axial diffusivity (AD).
2.9. Statistical Analysis
All results were expressed as means ± standard error of the mean from at least three
independent experiments. Statistical analyses were conducted with the Statistical Package
for Social Sciences (SPSS) version 25.0 (IBM Corporation, Armonk, NY, USA). To confirm
statistically significant, the one-way ANOVA analysis of variance, followed by a post hoc
LSD comparison for behavioral assessment and another experiment using Bonferroni com-
parison, was conducted. A p-value less than 0.05 was considered statistically significant.
3. Results
3.1. In Vivo Expression of OCT4 Improves Behavioral Performance
An initial evaluation was performed before the stereotaxic injection using rotarod and
grip strength tests to measure motor coordination and neuromuscular force. Following the
treatment, mice were evaluated with the same procedure until terminal stage (12–13 weeks
of age) (Figure 1).
The AAV9-OCT4 group showed a significant increase in latency compared to the con-
trol groups in the accelerating speed rotarod test (4–40 rpm) at 6 weeks (PBS = 181.9 ± 19.5,
AAV9-Null = 232.4 ± 16.8, AAV9-OCT4 = 246.7 ± 27.6 s), 8 weeks (PBS = 116.4 ± 16.8,
AAV9-Null = 128.7± 16.2, AAV9-OCT4 = 179.2± 26.5 s), 13 weeks of age (PBS = 21.7 ± 4.6,
AAV9-Null = 13.9 ± 4.1, AAV9-OCT4 = 57.4 ± 14.2 s) (Figure 2A) and constant speed
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rotarod test (12 rpm) at 10 weeks (PBS = 40.3 ± 16.2, AAV9-Null = 81.3 ± 28.0, AAV9-OCT4
= 130.1 ± 37.8 s), 13 weeks (PBS = 10.3 ± 2.6, AAV9-Null = 10.7 ± 2.8, AAV9-OCT4 =
52.4.1 ± 27.4 s) (Figure 2B) and in the constant speed rotarod test (16 rpm) at 10 weeks
(PBS = 15.1 ± 2.7, AAV9-Null = 72.7 ± 25.5, AAV9-OCT4 = 110.6 ± 42.0 s), 13 weeks
(PBS = 6.7 ± 1.6, AAV9-Null = 9.1 ± 1.9, AAV9-OCT4 = 26.4.1 ± 12.8 s) (Figure 2C). In our
results, behavioral recovery by OCT4 treatment was observed near 13 weeks of age. The
previous study reported that proceeding to late disease stage, which is considered as a
humane endpoint, can be acceptable in the form of treatment for these stage [41]. Therefore,
we established the endpoint of this study to confirm therapeutic effects.
The AAV9-OCT4 group also displayed significantly increased grip force compared to
the control groups and in the grip strength test at 8 weeks (PBS = 4.3 ± 0.3, AAV9-Null =
4.7 ± 0.2, AAV9-OCT4 = 5.8 ± 0.4 g) and 12 weeks of age (PBS = 4.1 ± 0.4, AAV9-Null =
4.4 ± 0.2, AAV9-OCT4 = 5.6 ± 0.4 g) (Figure 2D). These results suggest that OCT4 plays
a primary role in improving behavioral performance including motor coordination and
neuromuscular force in HD mice.
Figure 2. In vivo expression of OCT4 improves behavioral performance in HD mice. (A) AAV9-OCT4
group displayed significant improvements compared to the control groups (AAV9-Null and PBS) at
6, 8 and 13 weeks of age in the accelerating rotarod test (4–40 rpm) (B) at 10 and 13 weeks of age in
the constant rotarod test (12 rpm) (C) at 10 and 13 weeks of age in the constant rotarod test (16 rpm)
and (D) at weeks 8 and 12 in the grip strength test. #,* p < 0.05, ##,** p < 0.01, ***,### p < 0.001. Data
in all panels represent mean ± SEM. *PBS vs. AAV9-OCT4, #AAV9-Null vs. AAV9-OCT4. PBS group
(N = 10); AAV9-Null (N = 13); AAV9-OCT4 (N = 8).
3.2. In Situ Expression of OCT4 Increases NSCs and OPCs in the SVZ
BrdU can track newly proliferated cells. We measured newly proliferated cells during
2 weeks induced by OCT4 via IHC analysis at 6 and 13 weeks of age. A previous study
showed that the AAV expression increased most rapidly in vivo by 2 weeks following
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injection of the vector [42]. Therefore, we collected brain tissues for analysis at 2 weeks
after transduction. A total of 9 mice (N = 3 per group) at 6 weeks of age were used to
assess histologically the ability of OCT4 treatment to elicit the fate of newly proliferated
cells in AAV9-OCT4 treated mice relative to PBS and AAV9-Null controls. Then, we evalu-
ated the fate of NSCs or neurons in the SVZ by counting the numbers of cells expressing
Nestin+BrdU+ or βIII-tubulin+BrdU+. Newly proliferated cells that could possibly differ-
entiate into OPCs or astrocytes were evaluated by counting the numbers of NG2+BrdU+ or
GFAP+BrdU+ expressing cells. Two weeks after treatment, the fate of NSCs in the SVZ was
evaluated through IHC.
In the SVZ, the numbers of Nestin+BrdU+ (PBS = 1.17 ± 0.4, AAV9-Null = 1.4 ± 0.4,
AAV9-OCT4 = 5.7 ± 1.8 (×103 cells/mm3)) (Figure 3A) and NG2+BrdU+ (PBS = 2.4 ± 0.7,
AAV9-Null = 2.2 ± 0.2, AAV9-OCT4 = 4.6 ± 0.5 (×103 cells/mm3)) (Figure 3B) cells were
significantly higher in the AAV9-OCT4 group than the controls at 2 weeks post-treatment.
The numbers of βIII-tubulin+BrdU+ (PBS = 2.2 ± 1.0, AAV9-Null = 2.0 ± 0.8, AAV9-OCT4
= 2.7 ± 1.2 (×103 cells/mm3)) (Figure 3C) and GFAP+BrdU+ (PBS = 1.7 ± 0.9, AAV9-Null =
1.7 ± 0.8, AAV9-OCT4 = 2.8 ± 0.5 (×103 cells/mm3)) (Figure 3D) cells did not significantly
differ among the three groups at 2 weeks post-treatment.
These findings demonstrated that in situ expression of OCT4 in the SVZ increases
the number of newly generated NSCs and OPCs but not the number of newly generated
neurons and astrocytes in HD mice at 2 weeks post-treatment. We tried to check at 2 weeks
post-treatment not only how the newly generated cells by OCT4 committed to their fate
according to the microenvironment of early-HD stage but also these cells affect early
behavior recovery. Because newly proliferated cells in adult concerned behavior at a later
time point, more than a month after the injury [43]. We suggest that newly generated NSCs
and OPCs by OCT4 affect early behavior recovery at 8 weeks of age.
When HA tag was stained to confirm the transduced regions of AAV9-OCT4 at 6 and
13 weeks of age (N = 3 per group). As expected, HA and OCT4 was extensive overlap in
the expression of both epitopes in the transduction region. In addition, control groups
not detected HA or OCT4 expression (Figure S1B). Almost HA+ cells remain SVZ and
CC nearby LV (Figure S2A,B). These results demonstrated that AAV9-OCT4 still remain
in the terminal stage. Then we measured the number of transduced cells nearby LV
regions (22.1 ± 1.7 × 103 cells/mm3, Figure S1C). In addition, we stained HA and Nestin,
NG2, βIII-tubulin, and GFAP to confirm the specific cell type of transduced cells. The
numbers of NG2+HA+ cells were higher than Nestin+HA+ cells, βIII-tubulin+HA+ cells
and GFAP+HA+ cells in the SVZ (Figure S1C). Therefore, we suggested that AAV-OCT4
transduced NSCs in the SVZ, which in turn can be committed to more number of OPCs
within the microenvironmental clues of pre-HD and early-HD stage. Further cell tracking
studies are needed to confirm NSC turn to OPCs within microenvironmental clues of
pre-HD and early-HD stage.
Therefore, we confirmed cell proliferation by OCT4 at 9 weeks post-treatment and
stained the brain tissue with BrdU and Ki67, a cell cycle-associated protein, in the SVZ [44].
However, we rarely found the BrdU+ cells in the SVZ at post-treatment 9 weeks (Figure S3A).
BrdU can integrate into adult cells undergoing abortive cell cycle entry although these cells
then go on to die and disappear within a few weeks [45–48]. Besides the terminal stage
in HD is an insufficient environment for new cells to survive longer. Based on previous
studies, the BrdU+ newly generated cells initiated by OCT4 during 2 weeks post-treatment
period maybe die at the terminal stage of HD. Therefore, BrdU+ cells could hardly be seen
at 13 weeks of age.
Instead of BrdU staining, we stained with Ki67 for the evaluation of cell proliferation
at 13 weeks of age (Figure S3B). As a result, cell proliferation at the terminal stage was
significantly increased in the AAV9-OCT4 group compared to the control group.
Taken together, our results suggest that the in situ expression of OCT4 can induce the
NSC proliferation in the SVZ during OCT4 treatment initial 2 weeks, which in turn can
be committed to more number of OPCs within the microenvironmental clues of pre-HD
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stage. Unfortunately, BrdU positive cells by OCT4 during initial 2 weeks did not survive
until the terminal stage. However, the continuous expression of AAV9-OCT4 at 9 weeks
post-treatment may influence cell proliferation at the terminal stage.
Figure 3. In situ expression of OCT4 increases OPCs in the SVZ. To confirm that OPC-related genes
proliferation in the SVZ among three groups 2 weeks after stereotaxic injection by using confocal
microscopy. (A) The numbers of Nestin+BrdU+ (F = 5.947, * p = 0.024; # p = 0.041) and (B) NG2+BrdU+
cells were significantly higher in the AAV9-OCT4 group than control groups (F = 9.325, ** p = 0.008;
## p = 0.006), whereas (C) the numbers of βIII-tubulin+BrdU+ (D) and GFAP+BrdU+ cells did not
significantly differ among the three groups. *,# p < 0.05, Data in all panels represent mean ± SEM.
*PBS vs. AAV9-OCT4, #AAV9-Null vs. AAV9-OCT4. PBS group (N = 3); AAV9-Null (N = 3); AAV9-
OCT4 (N = 3).
3.3. OCT4-Induced OPCs Ameliorate Myelination Deficits of HD Mice
Next, we confirmed the effects of OCT4 on OPC-related gene expression specific to
the microenvironment in late-HD stage. The expressions of OPC-related markers NG2,
Olig2, PDGFRα, Wnt3, MYRF and GDNF were confirmed by qRT-PCR. The AAV9-OCT4
group displayed significantly increased the expression levels of OPC-related markers in
the cortex (Figure 4A) and striatum (Figure 4B) at 13 weeks of age. NSCs and OPCs secrete
various growth factors, neurotrophic factors, and cytokines, thus protecting existing neural
cells against damage in situ [49]. Therefore, these results suggest that the secreated factors
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such as MYRF and GDNF from the activated NSCs and OPCs by OCT4 induced functional
recovery at the terminal stage.
Figure 4. In situ expression of OCT4 increases OPC-related genes. (A) To confirm that OPC-related genes proliferation in
the cortex (B) and striatum among three groups at 13 weeks of age by using qRT-PCR. AAV9-OCT4 group significantly
increased expression levels of NG2, Olig2, PDGFRa, Wnt3, MYRF and GDNF in the cortex and striatum *,# p < 0.05, Data in
all panels represent mean ± SEM. * PBS vs. AAV9-OCT4, # AAV9-Null vs. AAV9-OCT4. PBS group (N = 4); AAV9-Null
(N = 4); AAV9-OCT4 (N = 3).
TEM and MRI were used to visualize myelinated fibers in CC, the largest white
matter structure in the brain, at 13 weeks of age. AAV9-OCT4 group presented slightly
decreased g-ratio (the numerical ratio of the axonal diameter divided by the diameter of
the myelinated axons) compared with control groups (Figure 5A). This g-ratio analysis via
TEM images result indicated that AAV9-OCT4 myelin sheaths were thicker than those of
control groups (PBS = 0.75 ± 0.02, AAV9-Null = 0.78 ± 0.02, AAV9-OCT4 = 0.64 ± 0.02).
The FA value increased in CC of AAV9-OCT4 group, suggesting the increased struc-
tural integrity of this fiber tract (PBS = 0.39 ± 0.02, AAV9-Null = 0.38 ± 0.03, AAV9-OCT4
= 0.47 ± 0.04). RD (PBS = 0.65 ± 0.02, AAV9-Null = 0.65 ± 0.03, AAV9-OCT4 = 0.55 ± 0.04)
and AD (PBS = 1.27 ± 0.03, AAV9-Null = 1.25 ± 0.05, AAV9-OCT4 = 0.99 ± 0.06) values
reduced in CC of AAV9-OCT4 group. These results implicated that demyelination was
attenuated in AAV9-OCT4 group.
Taken together, TEM and MRI results were analyzed to confirm that myelination
defects were significantly reduced in the AAV9-OCT4 group (Figure 5B). These results
suggested that OCT4 overexpression induces myelin plasticity via the activation of OPC-
related genes and ameliorates myelination deficits of HD mice.
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Figure 5. OCT4-induced OPCs ameliorate myelination deficits (A) TEM was used to visualize myelinated fibers in corpus
callosum at 13 weeks of age, the value of g-ratio in the AAV9-OCT4 group was significantly lower than control groups
(F = 11.442, * p = 0.001; # p < 0.001). (B) MRI results were analyzed for FA (F = 5.986, * p = 0.049; # p = 0.042), RD (F = 8.040,
* p = 0.018; # p = 0.026) and AD (F = 34.309, * p = 0.015; # p = 0.019), myelination defects in the AAV9-OCT4 group was
significantly ameliorated. *,# p < 0.05, Data in all panels represent mean ± SEM. * PBS vs. AAV9-OCT4, #AAV9-Null vs.
AAV9-OCT4. PBS group (N = 3); AAV9-Null (N = 3); AAV9-OCT4 (N = 3).
3.4. Subependymal OCT4 Expression Induces Striatal Neuroprotection
The expression of βIII-tubulin, NeuN, glutamic acid decarboxylase 67 (GAD67),
DARPP32 and GFAP was confirmed by qRT-PCR at 13 weeks of age. AAV9-OCT4 group
displayed significantly increased not only expression of βIII-tubulin and NeuN, a neuronal
marker in the cortex but also GAD67 and DARPP32, a GABAergic neuronal marker in the
striatum. However, the AAV9-OCT4 group did not change the expression of GFAP, an as-
trocytic marker in both regions (Figure 6A,B). In addition, DARPP-32+ GABAergic neurons
of the striatal region significantly increased in AAV9-OCT4 group compared to control
groups (PBS = 3.48 ± 0.16, AAV9-Null = 6.68 ± 0.62, AAV9-OCT4 = 11.17 ± 1.00) using
confocal microscopy (Figure 6C). OPCs have been shown to express various growth factors
and cytokines that play a significant role in cell functions and survival [50,51]. Previous
studies reported that GDNF, mainly released by OPCs and oligodendrocytes, can promote
neuronal cell survival as well as axon regeneration and myelination in demyelinating con-
ditions [50,52]. Taken together, these results raise the potential that OCT4 overexpression
not only ameliorates myelination deficits but also induces striatal neuroprotection in HD.
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Figure 6. OCT4-induced OPCs induce neuroprotection. (A) To confirm neuropretection in the cortex (B) and striatum
among three groups at 13 weeks of age by qRT-PCR. AAV9-OCT4 group displayed significantly increased expression of βIII
tubulin (F = 12.271, *** p < 0.001; # p = 0.004), NeuN (F = 13.477, *** p < 0.001; ### p < 0.001), a neuronal marker in the cortex
and GAD67 (F = 8.057, * p = 0.001; # p = 0.033) and DARPP32(F = 3.794, * p = 0.047), a GABAergic neuronal marker in the
striatum. However, the AAV9-OCT4 group did not change the expression of GFAP, an astrocytic marker in both regions
(C) In the striatum, AAV9-OCT4 group significantly increased the area of DARPP32+ GABAergic neurons compared to
controls (F = 18.697, *** p < 0.001; ### p < 0.001). *,# p < 0.05, ***,### p < 0.001, Data in all panels represent mean ± SEM.
*PBS vs. AAV9-OCT4, #AAV9-Null vs. AAV9-OCT4. PBS group (N = 4); AAV9-Null (N = 4); AAV9-OCT4 (N = 3).
4. Discussion
Recent studies have reported that WM is associated with motor and cognitive func-
tions, which explains why HD-induced WM atrophy causes the behavioral defects [5,53].
Especially, demyelination induced neuronal firing rate abnormalities was shown in the
motor cortex, as well as deficits in motor performance [54]. The pre-HD stage of R6/2 mice
shows myelin deficits in the CC at 2 weeks of age [55] before the remarkable GABAergic
neuronal loss, which is known to occur at late-HD stage.
In this study, we performed accelerating speed (4–40 rpm) and constant speeds
(12, 16 rpm) in the rotarod test for motor coordination. A rotarod test with accelerating
speed is usually used to confirm the efficacy of the treatment. On the other hand, a rotarod
test with appropriate fixed speed can sensitively represent the difference as to distinguish
between the control group and the treatment group relative to the accelerating test [56–58].
Therefore, we tried to perform both accelerating speed and constant speeds in the rotarod
test for delicate measures of motor coordination. We also used grip strength test to measure
neuromuscular force. The pathophysiological and behavioral phenotype of R6/2 mice came
to be prominent at 8 weeks of age. In this age, R6/2 mice had more severely deteriorated
motor coordination than deteriorated neuromuscular force [36].
Rotarod test is used to investigate motor coordination and balance and grip strength
test is used to assess neuromuscular strength. In our results, the AAV9-OCT4 group slightly
improved in the rotarod at 6–8 weeks of age and the grip strength significant improved
at 8 weeks of age (Figure 2A–D). However, the HD animal model, R6/2, has many CAG
repeats (approximately 160 ± 5 CAG repeats), and this CAG repeat can induce serious
movement problems including motor coordination problem over time. Therefore, we
suggested that the significant functional improvement by the therapeutic effects of OCT4
may appear later in motor coordination than grip strength.
Taken together, following in vivo expression of reprogramming factor OCT4 in pre-HD
R6/2 mice, the rotarod and grip strength tests revealed significant motor improvements in
the late-HD stage of OCT4 overexpressing mice compared to the control groups, suggesting
that OCT4 may be the primary role in improving behavioral performance in HD mice. The
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behavioral improvement in AAV9-OCT4 group at terminal stage was shown in recorded
videos in Figure S4.
We then observed that OCT4 using AAV9 vector administrated into the LV have an
effect on the NSC niche activation in the SVZ. AAV is one of the most common vectors
used in gene therapy [59]. AAV vectors have an excellent safety record in clinical trials and
preclinical animal studies [60,61]. AAV as a gene delivery has benefits and multiple natural
serotypes such as serotype 9 which can infect target cells in various tissues including
brain. Although mild immune responses can occur when AAV infects target cells, AAV
is considered as the material with biosafety compared to another popular viral vector.
Therefore, we used AAV9 for the safety and for the transduction efficacy as a brain viral
vector [62–65]. Our data showed that AAV9-OCT4 expression remain in the terminal stage
near LV region (Figure S2A,B). Then, we performed stereology-based quantification of the
percentages of transduced cells after LV delivery of AAV9 (1 × 1012 vg/mL, 1 µL each LV,
N = 3). Previous studies reported that transduction efficacy of AAV9 in adulthood depend
on injection route and titer [66,67]. Therefore, we suggested the low transduction efficacy of
AAV9-OCT4 due to the LV route delivery and low concentration. Further dose-escalation
studies are needed to confirm the therapeutic and pathophysiological effects of OCT4 based
on the differential concentrations, from low dose to high dose.
Although our result demonstrated low transduction efficacy of AAV9-OCT4, we inves-
tigated that the effects of in vivo expression of OCT4 on NSC niche activation in the SVZ and
induction of cell fate specific to the changed microenvironment of pre-HD stage through
BrdU labeling (Figure 3). Although the proliferation cells with BrdU labeling by OCT4
treatment during 2 weeks post-treatment disappeared at the terminal stage (Figure S3A),
the continuous expression of AAV9-OCT4 at 9 weeks post-treatment (Figure S1B) may
influence cell proliferation (Figure S3B), though it was not specified that which kind of cells
turn toward OPCs. Therefore, we need to conduct a further study with a tissue or cell type
specific promotor such as nestin promotor or oligodendrocyte promotor.
The SVZ contains the largest niche areas for newly generated neural cells in the
adult brain [68–71]. In the damaged WM areas, the therapeutic mechanism to induce
endogenous NSC activation in the SVZ can change the fate of NSCs into oligodendrocyte-
lineage cells in order to compensate for myelin deficits [71]. We tried to investigate how the
newly generated cells committed to their fate according to the microenvironment at post-
treatment 2 weeks. The AAV mediated gene expression increases progressively starting
from the day after vector administration. It reached at the maximum expression at 2 weeks
after the injection [42]. Therefore, we confirmed IHC analysis at 6 weeks of age. Namely,
in situ expression of OCT4 in the SVZ increased the number of newly generated NSCs
(Nestin+BrdU+ cells) and OPCs (NG2+BrdU+ cells) but not the number of newly generated
neurons (βIII-tubulin+BrdU+ cells) and astrocytes (GFAP+BrdU+ cells) in HD mice at
6 weeks of age (Figure 2A–D). Newly proliferated cells in adult affected behavior at a later
time point, more than a month after injury [43]. Therefore, we suggest that the increased
number of NSCs and OPCs during initial 2 weeks affected the recovery of neuromuscular
function at 8 weeks of age.
When we stained the brain tissue with BrdU in SVZ, our data displayed that BrdU+
cells were rarely found in the SVZ at post-treatment 9 weeks (Figure S3B). Although BrdU
can integrate into adult cells undergoing abortive cell cycle entry, most cells then go on to
die and disappear within a few weeks [45–48]. Therefore, newly generated cells initiated
by OCT4 during 2 weeks post-treatment might die at the terminal stage of HD, and BrdU+
cells could hardly be seen at 13 weeks of age. Instead of BrdU staining, when we stained
with Ki67, a cell cycle-associated protein, in SVZ [44] for the evaluation of cell proliferation
at 13 weeks of age (Figure S3C), cell proliferation of the OCT4 group significantly increased
compared to the control group.
Brain damages induced by the conditions of neurodegenerative diseases continuously
activated the proliferation of neural stem/progenitor cells in the SVZ. Ki67 is present during
every phase of the cell cycle in asynchronously cycling cells and absent in non-dividing
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cells [72,73]. Therefore, Ki67-labeled cells in the late-HD stage didn’t distinguish between
the brain damage-derived from proliferated cells and the newly generated cells by OCT4.
However, we injected BrdU after OCT4 treatment during 2 weeks. Therefore, BrdU+ cells
by injection were the newly generated cells after OCT4 treatment during 2 weeks. In order
to overcome this limitation, it is necessary to inject BrdU for longer period of time to label
newly generated cells throughout the whole experimental period in further study.
Next, we confirmed the effects of OCT4 on OPC-related gene expression specific to the
microenvironment in HD at 13 weeks of age. The OCT4-induced OPCs enhanced myelin
plasticity via the activation of OPC-related genes (Figure 4A,B). NG2 and Olig2 are used
to specifically identify OPCs [74]. Olig2, PDGFRa and Wnt3 induce the differentiation of
OPCs to oligodendrocytes [75–77]. Particularly, our results displayed that OCT4-induced
OPCs upregulated MYRF expression. Since HD causes MYRF downregulation and leads
to oligodendrocyte death and demyelination [78], OCT4-mediated MYRF upregulation
can ameliorate myelination deficits in the WM of brains with HD. In addition, OPCs
have been shown to express various growth factors and cytokines that play a significant
role in cell functions and survival [50,51]. Previous studies reported that GDNF, mainly
released by OPCs and oligodendrocytes, can promote neuronal cell survival as well as axon
regeneration and myelination in demyelinating conditions [50,52]. The neuroprotective
functions of secreted GDNF also could benefit GABAergic neurons in the striatum and
mitigate the pathophysiological effects of HD, all of which has been reported to improve
behavioral functions.
Our data showed that OCT4-induced proliferation of NSCs and OPCs at 6 weeks of
age and expression of OPC-related genes increased at 13 weeks of age. Previous study
reported that NSCs and OPCs secrete various growth factors including neurotrophic factors,
growth factors and cytokines, thus protecting pre-existing neural cells against damage
in situ [39]. Therefore, our results suggest that the transduced cells in the SVZ and CC
may affect the nearby brain regions such as cerebral cortex and striatum through paracrine
effects by the upregulation of MYRF and GDNF secreted from the activated NSCs and
OPCs by OCT4, consequently inducing therapeutic effects of modest neuroprotection and
functional recovery at the terminal stage of HD.
Our results suggest that the in situ expression of OCT4 can induce the NSC prolif-
eration in the SVZ, which in turn can be committed to more number of OPCs within the
microenvironmental clues of pre-HD and early-HD stage. The increased number of initially
proliferated NSCs and OPCs affected behavioral recovery after OCT4 treatment. However,
these cells did not remain at the terminal stage.
For the analysis of health axon with myelin in CC via analysis of TEM images, g-ratio
was calculated in each axon with myelin. The values of g-ratio of AAV9-OCT4 group were
significantly lower than those in control groups, indicating that OCT4 overexpression
ameliorated myelination deficits of HD mice (Figure 5A). It is important to note that FA
is positively correlated to the myelination and organization of WM fibers [79], and early
increase in RD and AD are followed by significant changes in neuronal volume loss in
HD [80–82]. Our data showed that AAV9-OCT4 group had significantly higher FA and
lower RD, and AD compared to control groups (Figure 5B). In addition, OCT4 overexpres-
sion also protected mature neurons, not astrocytes, in the cortex and striatum (Figure 6A).
Particularly, the expression of striatal DARPP32+ GABAergic neurons significantly in-
creased in the AAV9-OCT4 group compared to control groups (Figure 6B). Subependymal
cells were transduced in the SVZ along with intracerevroventricular injection until the
terminal stage (Figure S2A). This result suggests that OCT4 overexpression continuously
affected cell proliferation in SVZ. Although the proliferated cells disappeared during first
few weeks, these cells can secrete various growth factors such as GDNF for protecting
pre-existing neural cells against the damage. However, in this study, the therapeutic mech-
anism of secreted factors by OCT4-derived proliferated cells influenced neuroprotection
was not thoroughly investigated. Therefore, a further study to uncover this therapeutic
mechanism is needed.
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In summary, our data demonstrated that in vivo reprogramming of OCT4 at pre-HD
stage can ameliorate myelination deficits and induce neuroprotection by the secreted
growth factors such as MYRF and GDNF from activated NSC and OPCs. This neuroprotec-
tion, in turn, lead to the behavioral recovery in HD mice.
5. Conclusions
In situ expression of reprogramming factor OCT4 induces NSC niche activation in the
SVZ and changes cell fate specific to the microenvironment of HD from NSCs to OPCs. Par-
ticularly, MYRF and GDNF released by OPCs seem to ameliorate myelination deficits and
induce striatal neuroprotection in HD, which explains the behavioral improvement such as
motor coordination and grip strength in R6/2 mice overexpressing OCT4 (Figure 7). Taken
together, these results raise the potential that OCT4-induced OPCs not only ameliorates
myelination deficits but also induces striatal neuroprotection in HD.
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Figure 7. Scheme of in vivo expression of reprogramming factor OCT4 in R6/2 HD mice. Myelin deficits emerge in the
corpus callosum at 4 weeks of age, pre-symptomatic (pre-HD) stage before remarkable GABAergic neuronal loss at late-
symptomatic (late-HD) stage in R6/2 mice. In situ expression of reprogramming factor OCT4 induces NSC niche activation
in the SVZ and changes cell fate specific to the microenvironment of HD from NSCs to OPCs. Particularly, MYRF and GDNF
released by OCT4-induced OPCs seem to ameliorate myelination deficits and induce striatal neuroprotection, consequently
improving behavioral performances such as motor coordination and grip strength in HD.
Genes 2021, 12, 712 16 of 19
Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/genes12050712/s1, Figure S1: Characteristics and phenotype of AAV9-OCT4 transduced cells,
Figure S2: AAV9-OCT4 transduction in subventricular zone and corpus callosum, Figure S3: Cell
proliferation by AAV9-OCT4, Figure S4: Assessment of locomotor activity and rearing behavior.
Author Contributions: J.-H.Y. and B.-G.N. equally contributed to this study. J.-H.S. performed most
of the experiments, analyzed data, and wrote the manuscript; B.-G.N. performed most of molecular
study, analyzed data, and wrote the manuscript; M.-G.K. and S.P. performed experiments, and edited
manuscript; J.-H.S. performed animal experiments; S.-R.C. developed the study concept and design,
wrote the maunscript, and supervised the project. All authors have read and agreed to the published
version of the manuscript.
Funding: This research was supported by Basic Science Research Program through the National Re-
search Foundation of Korea (NRF) funded by the Ministry of Education (NRF-2019R1I1A1A01057970)
to J.-H.Y. Additionally, this work was supported by the Korean Health Technology R&D Project
through the Korea Health Industry Development Institute (KHIDI), funded by the Ministry of Health
& Welfare, Republic of Korea (HI16C1012) to S.-R.C.
Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Institutional Animal Care and Use Committee (IACUC
2016-0298, 2020-0007) of Yonsei University Health System.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data is contained within the article or Supplementary Material. The
data presented in this study are available.
Conflicts of Interest: The authors declare no conflict of interest.
References
1. McColgan, P.; Gregory, S.; Seunarine, K.K.; Razi, A.; Papoutsi, M.; Johnson, E.; Durr, A.; Roos, R.A.C.; Leavitt, B.R.; Holmans,
P.; et al. Brain regions showing white matter loss in huntington’s disease are enriched for synaptic and metabolic genes. Biol.
Psychiatry 2018, 83, 456–465. [CrossRef] [PubMed]
2. Tabrizi, S.J.; Scahill, R.I.; Durr, A.; Roos, R.A.; Leavitt, B.R.; Jones, R.; Landwehrmeyer, G.B.; Fox, N.C.; Johnson, H.; Hicks, S.L.;
et al. Biological and clinical changes in premanifest and early stage huntington’s disease in the track-hd study: The 12-month
longitudinal analysis. Lancet Neurol. 2011, 10, 31–42. [CrossRef]
3. Dumas, E.M.; van den Bogaard, S.J.; Ruber, M.E.; Reilman, R.R.; Stout, J.C.; Craufurd, D.; Hicks, S.L.; Kennard, C.; Tabrizi, S.J.;
van Buchem, M.A.; et al. Early changes in white matter pathways of the sensorimotor cortex in premanifest huntington’s disease.
Hum. Brain Mapp. 2012, 33, 203–212. [CrossRef] [PubMed]
4. Di Paola, M.; Luders, E.; Cherubini, A.; Sanchez-Castaneda, C.; Thompson, P.M.; Toga, A.W.; Caltagirone, C.; Orobello, S.; Elifani,
F.; Squitieri, F.; et al. Multimodal mri analysis of the corpus callosum reveals white matter differences in presymptomatic and
early huntington’s disease. Cereb. Cortex 2012, 22, 2858–2866. [CrossRef]
5. Faria, A.V.; Ratnanather, J.T.; Tward, D.J.; Lee, D.S.; van den Noort, F.; Wu, D.; Brown, T.; Johnson, H.; Paulsen, J.S.; Ross, C.A.;
et al. Linking white matter and deep gray matter alterations in premanifest huntington disease. Neurolimage Clin. 2016, 11,
450–460. [CrossRef]
6. Ross, C.A.; Aylward, E.H.; Wild, E.J.; Langbehn, D.R.; Long, J.D.; Warner, J.H.; Scahill, R.I.; Leavitt, B.R.; Stout, J.C.; Paulsen,
J.S.; et al. Huntington disease: Natural history, biomarkers and prospects for therapeutics. Nat. Rev. Neurol. 2014, 10, 204–216.
[CrossRef]
7. Gatto, R.G.; Ye, A.Q.; Colon-Perez, L.; Mareci, T.H.; Lysakowski, A.; Price, S.D.; Brady, S.T.; Karaman, M.; Morfini, G.; Magin, R.L.
Detection of axonal degeneration in a mouse model of huntington’s disease: Comparison between diffusion tensor imaging and
anomalous diffusion metrics. Magma 2019, 32, 461–471. [CrossRef]
8. Gregory, S.; Cole, J.H.; Farmer, R.E.; Rees, E.M.; Roos, R.A.; Sprengelmeyer, R.; Durr, A.; Landwehrmeyer, B.; Zhang, H.; Scahill,
R.I.; et al. Longitudinal diffusion tensor imaging shows progressive changes in white matter in huntington’s disease. J. Huntingt.
Dis. 2015, 4, 333–346. [CrossRef]
9. Myers, R.H.; Vonsattel, J.P.; Paskevich, P.A.; Kiely, D.K.; Stevens, T.J.; Cupples, L.A.; Richardson, E.P., Jr.; Bird, E.D. Decreased
neuronal and increased oligodendroglial densities in huntington’s disease caudate nucleus. J. Neuropathol. Exp. Neurol. 1991, 50,
729–742. [CrossRef]
10. Gómez-Tortosa, E.; MacDonald, M.E.; Friend, J.C.; Taylor, S.A.; Weiler, L.J.; Cupples, L.A.; Srinidhi, J.; Gusella, J.F.; Bird, E.D.;
Vonsattel, J.P.; et al. Quantitative neuropathological changes in presymptomatic huntington’s disease. Ann. Neurol. 2001, 49,
29–34. [CrossRef]
11. McCollum, M.H.; Leon, R.T.; Rush, D.B.; Guthrie, K.M.; Wei, J. Striatal oligodendrogliogenesis and neuroblast recruitment are
increased in the r6/2 mouse model of huntington’s disease. Brain Res. 2013, 1518, 91–103. [CrossRef]
Genes 2021, 12, 712 17 of 19
12. Jin, J.; Peng, Q.; Hou, Z.; Jiang, M.; Wang, X.; Langseth, A.J.; Tao, M.; Barker, P.B.; Mori, S.; Bergles, D.E.; et al. Early white matter
abnormalities, progressive brain pathology and motor deficits in a novel knock-in mouse model of huntington’s disease. Hum.
Mol. Genet. 2015, 24, 2508–2527. [CrossRef]
13. Teo, R.T.; Hong, X.; Yu-Taeger, L.; Huang, Y.; Tan, L.J.; Xie, Y.; To, X.V.; Guo, L.; Rajendran, R.; Novati, A.; et al. Structural and
molecular myelination deficits occur prior to neuronal loss in the yac128 and bachd models of huntington disease. Hum. Mol.
Genet. 2016, 25, 2621–2632. [CrossRef]
14. Rosas, H.D.; Wilkens, P.; Salat, D.H.; Mercaldo, N.D.; Vangel, M.; Yendiki, A.Y.; Hersch, S.M. Complex spatial and temporally
defined myelin and axonal degeneration in huntington disease. Neurolimage Clin. 2018, 20, 236–242. [CrossRef]
15. Ferrari Bardile, C.; Garcia-Miralles, M.; Caron, N.S.; Rayan, N.A.; Langley, S.R.; Harmston, N.; Rondelli, A.M.; Teo, R.T.Y.; Waltl,
S.; Anderson, L.M.; et al. Intrinsic mutant htt-mediated defects in oligodendroglia cause myelination deficits and behavioral
abnormalities in huntington disease. Proc. Natl. Acad. Sci. USA 2019, 116, 9622–9627. [CrossRef]
16. Casella, C.; Lipp, I.; Rosser, A.; Jones, D.K.; Metzler-Baddeley, C. A critical review of white matter changes in huntington’s disease.
Mov. Disord. Off. J. Mov. Disord. Soc. 2020, 35, 1302–1311. [CrossRef]
17. Kandasamy, M.; Rosskopf, M.; Wagner, K.; Klein, B.; Couillard-Despres, S.; Reitsamer, H.A.; Stephan, M.; Nguyen, H.P.; Riess, O.;
Bogdahn, U.; et al. Reduction in subventricular zone-derived olfactory bulb neurogenesis in a rat model of huntington’s disease
is accompanied by striatal invasion of neuroblasts. PLoS ONE 2015, 10, e0116069. [CrossRef]
18. Polito, A.; Reynolds, R. Ng2-expressing cells as oligodendrocyte progenitors in the normal and demyelinated adult central
nervous system. J. Anat. 2005, 207, 707–716. [CrossRef]
19. Franklin, R.J. Why does remyelination fail in multiple sclerosis? Nat. Rev. Neurosci. 2002, 3, 705–714. [CrossRef]
20. Imitola, J.; Snyder, E.Y.; Khoury, S.J. Genetic programs and responses of neural stem/progenitor cells during demyelination:
Potential insights into repair mechanisms in multiple sclerosis. Physiol. Genom. 2003, 14, 171–197. [CrossRef]
21. Xing, Y.L.; Röth, P.T.; Stratton, J.A.; Chuang, B.H.; Danne, J.; Ellis, S.L.; Ng, S.W.; Kilpatrick, T.J.; Merson, T.D. Adult neural precur-
sor cells from the subventricular zone contribute significantly to oligodendrocyte regeneration and remyelination. J. Neurosci.
2014, 34, 14128–14146. [CrossRef]
22. Khodanovich, M.; Pishchelko, A.; Glazacheva, V.; Pan, E.; Akulov, A.; Svetlik, M.; Tyumentseva, Y.; Anan’ina, T.; Yarnykh, V.
Quantitative imaging of white and gray matter remyelination in the cuprizone demyelination model using the macromolecular
proton fraction. Cells 2019, 8, 1204. [CrossRef]
23. Dehghan, S.; Hesaraki, M.; Soleimani, M.; Mirnajafi-Zadeh, J.; Fathollahi, Y.; Javan, M. Oct4 transcription factor in conjunction
with valproic acid accelerates myelin repair in demyelinated optic chiasm in mice. Neuroscience 2016, 318, 178–189. [CrossRef]
24. Seo, J.H.; Lee, M.Y.; Yu, J.H.; Kim, M.S.; Song, M.; Seo, C.H.; Kim, H.H.; Cho, S.R. In situ pluripotency factor expression promotes
functional recovery from cerebral ischemia. Mol. Ther. J. Am. Soc. Gene Ther. 2016, 24, 1538–1549. [CrossRef]
25. Takahashi, K.; Yamanaka, S. A decade of transcription factor-mediated reprogramming to pluripotency. Nat. Rev. Mol. Cell Biol.
2016, 17, 183–193. [CrossRef]
26. Pandian, G.N.; Sato, S.; Anandhakumar, C.; Taniguchi, J.; Takashima, K.; Syed, J.; Han, L.; Saha, A.; Bando, T.; Nagase, H.; et al.
Identification of a small molecule that turns on the pluripotency gene circuitry in human fibroblasts. ACS Chem. Biol. 2014, 9,
2729–2736. [CrossRef]
27. Lin, T.; Wu, S. Reprogramming with small molecules instead of exogenous transcription factors. Stem Cells Int. 2015, 2015, 794632.
[CrossRef]
28. Kim, J.B.; Greber, B.; Arauzo-Bravo, M.J.; Meyer, J.; Park, K.I.; Zaehres, H.; Scholer, H.R. Direct reprogramming of human neural
stem cells by oct4. Nature 2009, 461, 649–653. [CrossRef]
29. Kim, J.B.; Sebastiano, V.; Wu, G.; Arauzo-Bravo, M.J.; Sasse, P.; Gentile, L.; Ko, K.; Ruau, D.; Ehrich, M.; van den Boom, D.; et al.
Oct4-induced pluripotency in adult neural stem cells. Cell 2009, 136, 411–419. [CrossRef]
30. Deleidi, M.; Cooper, O.; Hargus, G.; Levy, A.; Isacson, O. Oct4-induced reprogramming is required for adult brain neural stem
cell differentiation into midbrain dopaminergic neurons. PLoS ONE 2011, 6, e19926. [CrossRef]
31. Lie, D.C.; Song, H.; Colamarino, S.A.; Ming, G.L.; Gage, F.H. Neurogenesis in the adult brain: New strategies for central nervous
system diseases. Annu. Rev. Pharmacol. Toxicol. 2004, 44, 399–421. [CrossRef] [PubMed]
32. Kohl, Z.; Regensburger, M.; Aigner, R.; Kandasamy, M.; Winner, B.; Aigner, L.; Winkler, J. Impaired adult olfactory bulb
neurogenesis in the r6/2 mouse model of huntington’s disease. BMC Neurosci. 2010, 11, 114. [CrossRef]
33. Kim, J.B.; Lee, H.; Araúzo-Bravo, M.J.; Hwang, K.; Nam, D.; Park, M.R.; Zaehres, H.; Park, K.I.; Lee, S.J. Oct4-induced
oligodendrocyte progenitor cells enhance functional recovery in spinal cord injury model. EMBO J. 2015, 34, 2971–2983.
[CrossRef] [PubMed]
34. Sim, S.E.; Park, S.W.; Choi, S.L.; Yu, N.K.; Ko, H.G.; Jang, D.J.; Lee, K.; Kaang, B.K. Assessment of the effects of virus-mediated
limited oct4 overexpression on the structure of the hippocampus and behavior in mice. BMB Rep. 2011, 44, 793–798. [CrossRef]
[PubMed]
35. Akamatsu, W.; DeVeale, B.; Okano, H.; Cooney, A.J.; van der Kooy, D. Suppression of oct4 by germ cell nuclear factor restricts
pluripotency and promotes neural stem cell development in the early neural lineage. J. Neurosci. 2009, 29, 2113–2124. [CrossRef]
[PubMed]
36. Li, J.Y.; Popovic, N.; Brundin, P. The use of the r6 transgenic mouse models of huntington’s disease in attempts to develop novel
therapeutic strategies. NeuroRx J. Am. Soc. Exp. Neurother. 2005, 2, 447–464. [CrossRef] [PubMed]
Genes 2021, 12, 712 18 of 19
37. Menalled, L.B.; Chesselet, M.F. Mouse models of huntington’s disease. Trends Pharmacol. Sci. 2002, 23, 32–39. [CrossRef]
38. Farshim, P.P.; Bates, G.P. Mouse models of huntington’s disease. Methods Mol. Biol. 2018, 1780, 97–120.
39. Cho, S.R.; Suh, H.; Yu, J.H.; Kim, H.H.; Seo, J.H.; Seo, C.H. Astroglial activation by an enriched environment after transplantation
of mesenchymal stem cells enhances angiogenesis after hypoxic-ischemic brain injury. Int. J. Mol. Sci. 2016, 17, 1550. [CrossRef]
40. Ge, X.; Cho, A.; Ciol, M.A.; Pettan-Brewer, C.; Snyder, J.; Rabinovitch, P.; Ladiges, W. Grip strength is potentially an early indicator
of age-related decline in mice. Pathobiol. Aging Age Relat. Dis. 2016, 6. [CrossRef]
41. Olsson, I.A.; Hansen, A.K.; Sandøe, P. Animal welfare and the refinement of neuroscience research methods—A case study of
huntington’s disease models. Lab. Anim. 2008, 42, 277–283. [CrossRef]
42. Xu, R.; Janson, C.G.; Mastakov, M.; Lawlor, P.; Young, D.; Mouravlev, A.; Fitzsimons, H.; Choi, K.L.; Ma, H.; Dragunow, M.;
et al. Quantitative comparison of expression with adeno-associated virus (aav-2) brain-specific gene cassettes. Gene Ther. 2001, 8,
1323–1332. [CrossRef]
43. Schoenfeld, T.J.; Rhee, D.; Martin, L.; Smith, J.A.; Sonti, A.N.; Padmanaban, V.; Cameron, H.A. New neurons restore structural
and behavioral abnormalities in a rat model of ptsd. Hippocampus 2019, 29, 848–861. [CrossRef]
44. Smith, T.W.; Lippa, C.F. Ki-67 immunoreactivity in alzheimer’s disease and other neurodegenerative disorders. J. Neuropathol.
Exp. Neurol. 1995, 54, 297–303. [CrossRef]
45. Kuan, C.Y.; Schloemer, A.J.; Lu, A.; Burns, K.A.; Weng, W.L.; Williams, M.T.; Strauss, K.I.; Vorhees, C.V.; Flavell, R.A.; Davis, R.J.;
et al. Hypoxia-ischemia induces DNA synthesis without cell proliferation in dying neurons in adult rodent brain. J. Neurosci.
2004, 24, 10763–10772. [CrossRef]
46. Yang, Y.; Mufson, E.J.; Herrup, K. Neuronal cell death is preceded by cell cycle events at all stages of alzheimer’s disease.
J. Neurosci. 2003, 23, 2557–2563. [CrossRef]
47. Magavi, S.S.; Macklis, J.D. Identification of newborn cells by brdu labeling and immunocytochemistry in vivo. Methods Mol. Biol
2002, 198, 283–290.
48. Winner, B.; Winkler, J. Adult neurogenesis in neurodegenerative diseases. Cold Spring Harb. Perspect. Biol. 2015, 7, a021287.
[CrossRef]
49. Tang, Y.; Yu, P.; Cheng, L. Current progress in the derivation and therapeutic application of neural stem cells. Cell Death Dis. 2017,
8, e3108. [CrossRef]
50. Wilkins, A.; Majed, H.; Layfield, R.; Compston, A.; Chandran, S. Oligodendrocytes promote neuronal survival and axonal
length by distinct intracellular mechanisms: A novel role for oligodendrocyte-derived glial cell line-derived neurotrophic factor.
J. Neurosci. 2003, 23, 4967–4974. [CrossRef]
51. Ettle, B.; Schlachetzki, J.C.M.; Winkler, J. Oligodendroglia and myelin in neurodegenerative diseases: More than just bystanders?
Mol. Neurobiol. 2016, 53, 3046–3062. [CrossRef] [PubMed]
52. Gao, X.; Deng, L.; Wang, Y.; Yin, L.; Yang, C.; Du, J.; Yuan, Q. Gdnf enhances therapeutic efficiency of neural stem cells-based
therapy in chronic experimental allergic encephalomyelitis in rat. Stem Cells Int. 2016, 2016, 1431349. [CrossRef] [PubMed]
53. Beglinger, L.J.; Nopoulos, P.C.; Jorge, R.E.; Langbehn, D.R.; Mikos, A.E.; Moser, D.J.; Duff, K.; Robinson, R.G.; Paulsen, J.S. White
matter volume and cognitive dysfunction in early huntington’s disease. Cogn. Behav. Neurol. Off. J. Soc. Behav. Cogn. Neurol. 2005,
18, 102–107. [CrossRef] [PubMed]
54. Bacmeister, C.M.; Barr, H.J.; McClain, C.R.; Thornton, M.A.; Nettles, D.; Welle, C.G.; Hughes, E.G. Motor learning promotes
remyelination via new and surviving oligodendrocytes. Nat. Neurosci. 2020, 23, 819–831. [CrossRef]
55. Xiang, Z.; Valenza, M.; Cui, L.; Leoni, V.; Jeong, H.K.; Brilli, E.; Zhang, J.; Peng, Q.; Duan, W.; Reeves, S.A.; et al. Peroxisome-
proliferator-activated receptor γ coactivator 1 α contributes to dysmyelination in experimental models of huntington’s disease.
J. Neurosci. 2011, 31, 9544–9553. [CrossRef]
56. Ferrante, R.J.; Andreassen, O.A.; Dedeoglu, A.; Ferrante, K.L.; Jenkins, B.G.; Hersch, S.M.; Beal, M.F. Therapeutic effects of
coenzyme q10 and remacemide in transgenic mouse models of huntington’s disease. J. Neurosci. 2002, 22, 1592–1599. [CrossRef]
57. Ferrante, R.J.; Kubilus, J.K.; Lee, J.; Ryu, H.; Beesen, A.; Zucker, B.; Smith, K.; Kowall, N.W.; Ratan, R.R.; Luthi-Carter, R.; et al.
Histone deacetylase inhibition by sodium butyrate chemotherapy ameliorates the neurodegenerative phenotype in huntington’s
disease mice. J. Neurosci. 2003, 23, 9418–9427. [CrossRef]
58. Dedeoglu, A.; Kubilus, J.K.; Yang, L.; Ferrante, K.L.; Hersch, S.M.; Beal, M.F.; Ferrante, R.J. Creatine therapy provides neu-
roprotection after onset of clinical symptoms in huntington’s disease transgenic mice. J. Neurochem. 2003, 85, 1359–1367.
[CrossRef]
59. Chen, Y.H.; Keiser, M.S.; Davidson, B.L. Viral vectors for gene transfer. Curr. Protoc. Mouse Biol. 2018, 8, e58. [CrossRef]
60. Kootstra, N.A.; Verma, I.M. Gene therapy with viral vectors. Annu. Rev. Pharmacol. Toxicol. 2003, 43, 413–439. [CrossRef]
61. Collins, D.E.; Reuter, J.D.; Rush, H.G.; Villano, J.S. Viral vector biosafety in laboratory animal research. Comp. Med. 2017, 67,
215–221.
62. Tye, K.M.; Prakash, R.; Kim, S.Y.; Fenno, L.E.; Grosenick, L.; Zarabi, H.; Thompson, K.R.; Gradinaru, V.; Ramakrishnan, C.;
Deisseroth, K. Amygdala circuitry mediating reversible and bidirectional control of anxiety. Nature 2011, 471, 358–362. [CrossRef]
63. Huber, D.; Gutnisky, D.A.; Peron, S.; O’Connor, D.H.; Wiegert, J.S.; Tian, L.; Oertner, T.G.; Looger, L.L.; Svoboda, K. Multiple
dynamic representations in the motor cortex during sensorimotor learning. Nature 2012, 484, 473–478. [CrossRef]
64. Haubensak, W.; Kunwar, P.S.; Cai, H.; Ciocchi, S.; Wall, N.R.; Ponnusamy, R.; Biag, J.; Dong, H.W.; Deisseroth, K.; Callaway, E.M.;
et al. Genetic dissection of an amygdala microcircuit that gates conditioned fear. Nature 2010, 468, 270–276. [CrossRef]
Genes 2021, 12, 712 19 of 19
65. Aschauer, D.F.; Kreuz, S.; Rumpel, S. Analysis of transduction efficiency, tropism and axonal transport of aav serotypes 1, 2, 5, 6, 8
and 9 in the mouse brain. PLoS ONE 2013, 8, e76310.
66. Hudry, E.; Andres-Mateos, E.; Lerner, E.P.; Volak, A.; Cohen, O.; Hyman, B.T.; Maguire, C.A.; Vandenberghe, L.H. Efficient gene
transfer to the central nervous system by single-stranded anc80l65. Mol. Therapy. Methods Clin. Dev. 2018, 10, 197–209. [CrossRef]
67. Gholizadeh, S.; Tharmalingam, S.; Macaldaz, M.E.; Hampson, D.R. Transduction of the central nervous system after intrac-
erebroventricular injection of adeno-associated viral vectors in neonatal and juvenile mice. Hum. Gene Ther. Methods 2013, 24,
205–213. [CrossRef]
68. Gonzalez-Perez, O.; Alvarez-Buylla, A. Oligodendrogenesis in the subventricular zone and the role of epidermal growth factor.
Brain Res. Rev. 2011, 67, 147–156. [CrossRef]
69. Ihrie, R.A.; Alvarez-Buylla, A. Lake-front property: A unique germinal niche by the lateral ventricles of the adult brain. Neuron
2011, 70, 674–686. [CrossRef]
70. Falcão, A.M.; Marques, F.; Novais, A.; Sousa, N.; Palha, J.A.; Sousa, J.C. The path from the choroid plexus to the subventricular
zone: Go with the flow! Front. Cell. Neurosci. 2012, 6, 34. [CrossRef]
71. Maki, T.; Liang, A.C.; Miyamoto, N.; Lo, E.H.; Arai, K. Mechanisms of oligodendrocyte regeneration from ventricular-
subventricular zone-derived progenitor cells in white matter diseases. Front. Cell. Neurosci. 2013, 7, 275. [CrossRef] [PubMed]
72. Gerdes, J.; Lemke, H.; Baisch, H.; Wacker, H.H.; Schwab, U.; Stein, H. Cell cycle analysis of a cell proliferation-associated human
nuclear antigen defined by the monoclonal antibody ki-67. J. Immunol. 1984, 133, 1710–1715. [PubMed]
73. Miller, I.; Min, M.; Yang, C.; Tian, C.; Gookin, S.; Carter, D.; Spencer, S.L. Ki67 is a graded rather than a binary marker of
proliferation versus quiescence. Cell Rep. 2018, 24, 1105–1112.e5. [CrossRef] [PubMed]
74. El Waly, B.; Macchi, M.; Cayre, M.; Durbec, P. Oligodendrogenesis in the normal and pathological central nervous system. Front.
Neurosci. 2014, 8, 145. [CrossRef]
75. Lu, Q.R.; Sun, T.; Zhu, Z.; Ma, N.; Garcia, M.; Stiles, C.D.; Rowitch, D.H. Common developmental requirement for olig function
indicates a motor neuron/oligodendrocyte connection. Cell 2002, 109, 75–86. [CrossRef]
76. Lo Nigro, A.; de Jaime-Soguero, A.; Khoueiry, R.; Cho, D.S.; Ferlazzo, G.M.; Perini, I.; Abon Escalona, V.; Aranguren, X.L.; Chuva
de Sousa Lopes, S.M.; Koh, K.P.; et al. Pdgfrα(+) cells in embryonic stem cell cultures represent the in vitro equivalent of the
pre-implantation primitive endoderm precursors. Stem Cell Rep. 2017, 8, 318–333. [CrossRef]
77. Zawadzka, M.; Rivers, L.E.; Fancy, S.P.; Zhao, C.; Tripathi, R.; Jamen, F.; Young, K.; Goncharevich, A.; Pohl, H.; Rizzi, M.; et al.
Cns-resident glial progenitor/stem cells produce schwann cells as well as oligodendrocytes during repair of cns demyelination.
Cell Stem Cell 2010, 6, 578–590. [CrossRef]
78. Huang, B.; Wei, W.; Wang, G.; Gaertig, M.A.; Feng, Y.; Wang, W.; Li, X.J.; Li, S. Mutant huntingtin downregulates myelin
regulatory factor-mediated myelin gene expression and affects mature oligodendrocytes. Neuron 2015, 85, 1212–1226. [CrossRef]
79. Pierpaoli, C.; Barnett, A.; Pajevic, S.; Chen, R.; Penix, L.R.; Virta, A.; Basser, P. Water diffusion changes in wallerian degeneration
and their dependence on white matter architecture. NeuroImage 2001, 13, 1174–1185. [CrossRef]
80. Rosas, H.D.; Lee, S.Y.; Bender, A.C.; Zaleta, A.K.; Vangel, M.; Yu, P.; Fischl, B.; Pappu, V.; Onorato, C.; Cha, J.H.; et al. Altered
white matter microstructure in the corpus callosum in huntington’s disease: Implications for cortical “disconnection”. NeuroImage
2010, 49, 2995–3004. [CrossRef]
81. Bohanna, I.; Georgiou-Karistianis, N.; Sritharan, A.; Asadi, H.; Johnston, L.; Churchyard, A.; Egan, G. Diffusion tensor imaging in
huntington’s disease reveals distinct patterns of white matter degeneration associated with motor and cognitive deficits. Brain
Imaging Behav. 2011, 5, 171–180. [CrossRef]
82. Delmaire, C.; Dumas, E.M.; Sharman, M.A.; van den Bogaard, S.J.; Valabregue, R.; Jauffret, C.; Justo, D.; Reilmann, R.; Stout,
J.C.; Craufurd, D.; et al. The structural correlates of functional deficits in early huntington’s disease. Hum. Brain Mapp. 2013, 34,
2141–2153. [CrossRef]
